DISCLAIMER
INTRODUCTION
Hydrogen is often added to high temperature water to maintain low levels of dissolved oxygen and thereby minimize corrosion of structural materials. Several researchers have shown that hydrogen dissolved in high temperature water (360 "C) or hydrogen gas in steam (400 "C) affects the stress corrosion cracking (SCC) performance of alloy 600. Excellent reviews on the influence of hydrogen additions on SCC of nickel-base alloys have been provided by Cassagne et al.' and Pathania and McIlree.2 Magnin et al? and Economy and Pement4 showed that the initiation time for SCC in reverse Ubend (RUB) samples of alloy 600 initially decreased as the dissolved hydrogen content increased.
However, further increases in the hydrogen content of the water above a critical level decreased NACE 99447
Page 1 the severity of SCC. A similar effect of hydrogen overpressure on the extent of intergranular cracking was observed during constant extension rate tests on alloy 600 in 360 "C water. Cassagne and Gelpi' showed that the crack growth rate of alloy 600 in high temperature water (360 "C) also exhibits a maxima at a critical concentration of hydrogen.
Based on these studies, it appears that hydrogen dissolved in water (over the temperature range of 360 'C to 400 "C) is initially detrimental to the SCC resistance (both initiation and growth) of alloy 600, but above a certain level may actually improve SCC performance. However, few systematic studies have investigated the influence of hydrogen on SCC growth at temperatures below 360°C. This paper presents the results of tests measuring the effect of dissolved hydrogen concentration on the SCC growth rate of alloys 600 and X-750 at temperatures of 338°C and 360°C.
EXPERIMENTAL PROCEDURE
The nickel alloys investigated in this study were mill annealed alloy 600, alloy X-750 condition HTH, and alloy X-750 condition AH. The compositions for these alloys are provided in Table 1 .
The alloy 600 was fabricated into standard 25.4 mm compact tension (CT) specimens with 10%
side grooves and the X-750 was fabricated into standard 10.2 mm CT specimens. All specimens were fabricated in an longitudinal-transverse (LT) orientation. Test specimens were air fatigue precracked, to a nominal a/W of 0.5 for alloys 600 and X-750 AH and 0.45 for alloy X-750 HTH, using the fatigue precracking procedure from ASTM E399 Annex 2. The alloy X-750 tests were conducted under pure constant load test conditions, whereas a 10% daily unload was performed in the alloy 600 test. The initial nominal stress intensity factor (KI) in the alloys 600 and X-750 AH tests was 27.5 MPadm, and 49.4 MPadm in the alloy X-750 HTH tests.
Constant load stress corrosion crack growth rate (SCCGR) tests were conducted with Instron 8562 servoelectric machines with Model 8500 digital control electronics monitored through a LabVIEW computerized data acquisition system. A description of the recirculating high flow rate autoclave system has previously been described.6 Crack lengths were monitored in-situ using electrical potential drop (EPD) according to ASTM E647, Annex 3, and were verified by post-test destructive examinations (DE). Alloy 600 EPD measured active voltages (proportional to crack extension) were normalized for alloy 600 resistivity changes measured in an unloaded non-precracked 10.2 mm CT specimen of the same heat. Since alloy X-750 resistivity does not change appreciably with time7, X-750 EPD resistivity normalizations were not performed in tests with these materials.
Test Environment
The SCCGR test chemistries were deaerated high purity water with various levels of dissolved hydrogen. The feed tank solution was buffered to a room temperature pH of 10.1 to maintain a near neutral autoclave pH at the test temperature. Separate tests were performed at multiple hydrogen concentrations for alloys X-750 AH and HTH (between 1 and 149 scckg) and at 120 scckg for alloy 600. The desired hydrogen concentrations were obtained by varying the feed tank I hydrogen overpressure according to Henry's law. A Henry's law coefficient of 5.9 kPa/(scckg), the Solubility of hydrogen in water at 25"C, was used for these room temperature calculations. Cylinders of mixed gas containing 4% or 14.7% hydrogen, with the balance argon, were used to obtain hydrogen levels less than 20 scckg. Since the autoclave turnover rate is relatively rapid (once every hour), autoclave effluent dissolved gas levels are analogous to feed tank levels, and the oxygen levels for all tests were < l o ppb.
. Alloys 600 and X-750 AH tests were conducted at 338°C and alloy X-750 HTH tests were conducted at 360°C. Prior to the start of the alloys 600 and X-750 AH SCC tests, test specimens were prefilmed in the load train for 10 and 14 days, respectively, at KI E 4 Mpa'lm and 260°C at the hydrogen level of the SCC test. Alloy X-750 HTH specimens were not prefilmed. The differences in material prefilming procedures were a consequence of historical testing practices.
Trends in facility pH buffer and contaminant levels were monitored through system in-line conductivity probes. Absolute anion contaminant levels were verified as less than detectable (-25 ppb) by ion chromatography (IC) analysis of autoclave effluent samples. Autoclave cation contaminants were monitored through analysis of autoclave effluent samples by inductively coupled plasma spectroscopy (ICP). Cation contaminant levels typically coincided with at temperature cation solubility limits (e.g., -2 ppb Fe).
Upon completion of SCC testing, alloys 600 and X-750 AH test specimens were heat-tinted at 454°C in air for 8 hours for fractography. Following heat-tinting, the alloy 600 specimen underwent an air fatigue extension. This process avoids deformation of the SCC surface during post test fracture of the specimen. The higher strength 10.2 mm alloy X-750 CT specimens, as well as the fatigue extended alloy 600 specimen, were ultimately pulled apart in tension to expose the fracture surfaces.The amount of SCC in each specimen was measured by optical examination using the procedure in ASTM E8 13.
RESULTS

SCCGR Analysis
Electrical potential drop (EPD) indicated immediate SCC growth at the start of all tests. Consequently reported crack growths were determined by dividing the actual destructive examination (DE) intergranular SCC extension by the test duration. Actual crack extensions were consistently underpredicted by EPD by a factor ranging from 1.5 to 3. This under prediction occurs consistently for materials with branched crack fronts and results from uncracked metal ligament conduction paths. EPD would have dramatically over predicted the actual alloy 600 crack extension if material resistivity increase was not accounted for.
Influence of Hydrogen on SCCGR
Results from this testing discerned a dramatic effect (up to 7x) of dissolved hydrogen on SCCGR. Figures 1 and 2 show the influence of hydrogen on the SCCGR of alloys X-750 AH and HTH, respectively. Each point in these figures represents a single specimen tested at a unique constant hydrogen level except for the 35 and 67 scckg symbols in Figure 1 and the 50 scckg symbol in Figure 2 . The 35 and 67 scckg symbols in Figure 1 represent the means of 3 and 10 specimens, respectively. The 50 scckg symbol in Figure 2 is the mean of 22 specimens from 9 separate tests.
Confidence intervals of 95% for the reported means and the single SCCGRs were estimated from the variances of the multiple specimen tests. At 338"C, X-750 AH exhibits a monotonically decreasing SCCGR with increasing hydrogen level until about 40 to 50 scckg. Hydrogen concentration above this transition level have no further effect on SCCGR. At 360"C, X-750 HTH also exhibits a decreasing SCCGR with increasing hydrogen levels above -20 scckg. The saturation hydrogen level for which further hydrogen level increases have no SCCGR effect is -80 scckg at this temperature. However, a dramatic difference in SCCGR behavior was observed at the two temperatures for hydrogen levels less than -20 scckg. SCCGR increased with increasing dissolved hydrogen at 360°C for hydrogen levels less than 20 scckg, and SCCGR decreased with hydrogen additions at 338°C.
Influence of Hydrogen Concentration on C o d o n Potential
Figure 3 provides a comparison of measured (specimen and platinum) and predicted electrochemical corrosion potentials (ECPs) as a function of hydrogen level for each of the three temperatures tested (260°C preconditioning of alloy X-750 AH, 338°C for alloy X-750 AH and 360°C for alloy X-750 HTH). All corrosion potential measurements were measured with EPD off. Corrosion potentials were measured using an Fe/Fe304 reference electrode. This type of reference probe is sensitive to pH changes; thus measurements were converted to the standard hydrogen scale by subtracting 880 mV at 260 OC, 993 mV at 338 "C, and 1068 mV at 360 "C.(')This figure illustrates, consistent with expectations: that nickel alloys and platinum behaved essentially as a hydrogen electrode for all hydrogen levels and temperatures tested. At lower hydrogen levels, platinum behaves more like a hydrogen electrode than the nickel alloys (Le., platinum is a better catalyst than nickel and since it is inert, metal oxidation does not influence its ECP).
DISCUSSION OF RESULTS
Influence of Oxide Stability on SCC
As illustrated in Figures 1 and 2 , hydrogen concentration is not the fundamental parameter which describes SCCGR (for increasing hydrogen levels below 20 scckg, SCCGR decreases at 338 "C and increases at 360 "C). Combrade' and Rebak and Smialowska" have suggested that the influence of hydrogen on SCC is fundamentally related to its influence on oxide stability. Nickel alloy primary water SCC crack tip oxides are predominately nickel oxide (NiO) with a cubic crystal structure.' ' As illustrated in Figure 4 , nickel oxide undergoes a phase transition to nickel metal at hydrogen levels and temperatures of interest to this study. The transition hydrogen levels for 338 "C and 360 "C are -45 and 80 scckg, respectively, are also presented in Figures 1 and 2 .
The stability of an oxide may be described by the amount that the corrosion potential deviates (') 880,993, and 1068 mVs are the standard potentials of the Fe/Fe304 half cell reaction using thermodynamic properties from Reference~'~''~ at the temperatures of 260 "C, 338 "C, and 360 "C (at temperature pHs of 6.6, 6.5, and 6.8, respectively).
. from the potential corresponding to the thermodynamic stability of that oxide. Using this -appioach, the observed hydrogen SCCGR functionality, irrespective of temperature, should be characterized by the extent that the corrosion potential deviates from the potential of the Ni/NiO equilibrium (i.e., ECP-ECPN~/N~~). Figure 5 shows the measured crack growth rates (for three alloys and two temperatures) as a function of this new parameter which reflects the relative stability of nickel oxide. Figure 5 observed SCCGRs for each material have additionally been normalized by the slowest SCCGR for that material ( 1 . 8~1 0 -'~ d s for alloy X-750 AH at 338°C and 106 scckg; 2.1xlO-" m/s for alloy 600 at 338°C and 120 scckg; 8,8x10-" m/s for alloy X-750 HTH at 360°C and 107scckg) such that all materials could be compared in the same figure. As illustrated by the characterization of all hydrogen SCCGR data in Figure 5 , E C P -E C P N~~~ is an appropriate variable to describe hydrogen SCCGR effects for nickel alloys in high purity water. Figure 5 indicates that the largest hydrogen SCCGR effect (5 to 7x increase) occurs at a corrosion potential approximately 30 to 80 mVs more anodic than the transition corrosion potential. Other researcher^,'^^ have noted that SCC is often associated with changes in oxide stability and that the greatest susceptibility to cracking occurs at corrosion potentials adjacent to a region where oxide passivity changes, such as the thermodynamic stability of an oxide. Figure 5 denotes that as hydrogen levels are increased above this maximum (decreasing ECP) SCCGR is reduced until nickel metal is thermodynamically stable. SCCGR similarly decreases when hydrogen levels are decreased relative to the hydrogen level corresponding to this maximum. It is important to realize that at 338°C corrosion potentials greater than -70 mV above the NiMiO corrosion potential are not physically possible in a hydrogenated water environment (i.e., the largest experimental anodic potential difference was 60 mV corresponding to 0.7 scckg hydrogen, see Figure 5 ).
Methodology to Determine SCC Thermal Activation Energy (Q)
The determination of an accurate SCC thermal activation energy (Q) requires that all fundamental parameters other than temperature must be maintained constant. SCCGR tests have traditionally been conducted at an approximately constant hydrogen concentration, regardless of temperature. However, the SCC results reported in this study show that a constant hydrogen level exerts a variable influence on crack growth rate depending on the temperature. This is caused by a change in the thermodynamic stability of the crack tip oxide (metallic nickel versus NiO), which is the fundamental basis for hydrogen's influence on SCC. Therefore, to obtain an accurate thermal activation energy, or to accurately extrapolate high temperature test results to lower temperatures, SCC tests should be conducted such that a single crack tip oxide is stable at all temperatures. For exam-'' ple, if the end use of Q is to predict SCCGRs for temperaturehydrogen regimes in which nickel metal is thermodynamically stable, then the elevated temperature accelerated tests should be conducted with hydrogen levels such that nickel metal is stable. Recall that SCCGR appears to be independent of dissolved hydrogen level within the nickel metal regime.
The possible implication of not keeping the crack tip oxide regime constant when extrapolating high temperature SCCGR results to lower temperatures where nickel metal is stable is illustrated in Figure 6 . Based upon growth rates measured in this study, two Qs (one based upon constant hydrogen level testing and the other based on constant crack tip oxide regime testing) are determined in this figure. This figure, admittedly based on very limited data, illustrates that the Q determined from nickel metal regime testing could be as much as factor of 2 to 3 times smaller than the Q determined from constant hydrogen level testing. This difference in Q, Figure 6 , gives rise to an approximate 2x difference in extrapolated SCCGR at 315°C and highlights the need for crack tip oxide regime testing similitude.
Mechanistic Insight from Dissolved Hydrogen SCCGR Functionality
A cursory consideration of the observed hydrogen crack growth effect could lead to the conclusion that nickel alloy crack growth is not consistent with a hydrogen SCC mechanism. It could be argued that detrimental hydrogen within metals is solely due to hydrogen in the water and since crack growth rates eventually decrease with increasing dissolved hydrogen level a hydrogen mechanism is not viable. The flaw in this interpretation is that corrosion reactions (in addition to hydrogen in the water) can also contribute to the level of hydrogen within metals. However, for a hydrogen SCC mechanism to be consistent with the observed SCCGR hydrogen functionality, the dominant source of hydrogen within the metal must be through corrosion reactions (decreases in SCCGR were noted with increasing hydrogen level in the water). This hydrogen SCC mechanism constraint also implies that increased corrosion and subsequent metallic hydrogen pickup must have the same dissolved hydrogen concentration functionality as the observed crack growth.
It is interesting to note, to be consistent with the observed hydrogen SCCGR functionality, that corrosion must be a dominant SCC subprocess for hydrogen SCC mechanisms. With this restriction the engineering differences between SCC dissolution and hydrogen mechanisms are virtually indistinguishable, since the critical subprocess for both mechanisms is corrosion (source of hydrogen for hydrogen mechanisms and crack generator for dissolution mechanisms). An improved methodology to determine SCC thermal activation energies has been developed based upon the understanding gained in this study (ie., elevated temperature testing should be performed within a constant crack tip oxide regime not at a constant dissolved hydrogen level).
CONCLUSIONS
The observed influence of hydrogen on SCC suggests that if a nickel alloy hydrogen SCC mechanism is applicable then corrosion reactions not hydrogen dissolved in the water are the dominant source of detrimental hydrogen within metals.
The hydrogen SCCGR effect is a factor which has contributed to the scatter in SCC growth rate data. Careful control of SCC test hydrogen levels could eliminate some of the data scatter observed. It is the authors' expectation that other SCC growth rate scatter reductions, as well as key SCCGR functional identifications, may be obtained through well controlled testing. 
